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A B S T R A C T
Multiple episodes of fluids migrating through the Jurassic Navajo Sandstone have resulted in abundant and spatially variable diagenetic mineral changes. Depending on fluid chemistry, flow events have produced or removed varying amounts of iron oxides, clays, and carbonates with distinctive spectral reflectance signatures that can be used to map spatial heterogeneities in diagenetic mineralogy and paleofluid-migration pathways (including hydrocarbons and groundwaters). Field and laboratory reflectance spectroscopy shows that the common diagenetic minerals in the Navajo Sandstone have diagnostic visible, near-infrared, and short-wave infrared spectral characteristics in the 0.35-2.5-mm range. Comparisons of (1) geochemical data, (2) in-situ reflectance spectroscopy, and (3) airborne imaging spectroscopy for zones of variably altered Navajo Sandstone in southern Utah show that the minerals within alteration facies have distinctive spectral signatures. Reflectance spectroscopic mapping provides a method for evaluating the effects of diagenesis and fluids in this well-exposed reservoir sandstone. Reservoir heterogeneity in many eolian sandstones is largely controlled by diagenetic processes that can be difficult to evaluate on outcrop to reservoir scales (approximately tens to hundreds of meters to several kilometers). Imaging spectroscopy allows for the evaluation of mineralogy variations on these scales. The patterns of authigenic iron oxide, clay, and carbonate removal and precipitation trace the paths of different episodes of fluid flow and sandstone alteration. Mineral variations occur as kilometer-scale reaction fronts related to structural fluid
INTRODUCTION
Understanding fluid movement through sedimentary reservoirs is critical to predicting the distribution of natural resources. The movement of subsurface fluids controls the distribution and evolution of valuable hydrocarbons, economic mineral deposits, and fresh water. In eolian sandstones, reservoir quality (porosity and permeability) and heterogeneity are largely controlled by fluid-related diagenetic processes. Several potential methods exist for evaluating the history of past fluid flow in sedimentary basins, including analyses of fluid inclusions (Goldstein, 2001; Mark et al., 2005) , numerical modeling (Bethke, 1989; Garven, 1995; Person et al., 1996) , and geochemistry of diagenetic minerals and textures (Morad et al., 2000; Kyser and Hiatt, 2003; Boles et al., 2004; Eichhubl et al., 2004) . Although all of these methods provide valuable information about the history of subsurface fluid-sandstone interactions, they typically do not allow for outcrop to basin-scale mapping of fluid-related alteration. The use of reflectance spectroscopy in areas of exhumed reservoir rocks can facilitate identification of alteration-related minerals and mapping of their spatial distribution on an outcrop scale that is likely analogous to alteration patterns expected in similar units in the subsurface.
The Navajo Sandstone is one of the largest known erg (dune sea) deposits on Earth (Blakey et al., 1988) . With favorable reservoir characteristics conducive to interstitial fluid flow, the sandstone has had a complex history of water-rock interactions related to the migration of multiple generations of fluids with varying chemistry approximately over the last 200 m.y. and continues to be an important reservoir for both hydrocarbons and water. For example, the Covenant field in the Sevier overthrust belt in central Utah is a major new discovery, with potential reserves that are estimated at 75 -200 million bbl (Brown, 2005a) . This new field could potentially be analogous to the very successful Anschutz Ranch East field in the Wyoming -Utah thrust belt, where the Nugget Sandstone, the northward correlative unit of the Navajo Sandstone, has produced more than 288 MMBO and 5.1 tcf of gas (Chidsey and Morgan, 2005) . The continued recognition of the Navajo Sandstone and other eolian units worldwide as productive reservoirs underscores the importance of understanding fluid-flow pathways and the diagenetic history of this formation.
Chemical reactions in the Navajo Sandstone have resulted in diagenetic mineral facies that reflect the effects of fluid flow through the sandstone. The characteristic types of chemical alteration in the sandstone suggest hydrocarbon-induced reactions (e.g., Schumacher, 
Alteration of K-feldspar to kaolinite and illite
Precipitation and dissolution of carbonate cement
Oxidation and precipitation of iron oxide from solution
Reaction 1 involves methane as a proxy for a hydrocarbon-reducing agent and reaction 5 involves molecular oxygen as an oxidizing agent. Reactions 1-4 consume hydrogen ions, and reaction 5 produces the hydrogen ion. The hydrogen ion produced in reaction 5 may drive reactions 2 -4. Reactions 1 and 5 produce the most easily recognized color changes in the Navajo Sandstone, whereas formation of clay minerals in reactions 2 and 3 and precipitation or solution of calcite in reaction 4 are traditionally more difficult to recognize. Although the importance of these reactions and minerals in reservoir evolution has been recognized in previous studies, the lateral continuity of the resulting diagenetic mineral zones is not well constrained. Many of the minerals involved in these reactions can be identified and evaluated in a spatial context with reflectance and imaging spectroscopy.
Reflectance spectroscopy provides a nondestructive method for identifying and mapping physical characteristics and composition of Earth and planetary materials. Electromagnetic radiation reflected from surface materials (versus being absorbed or transmitted) can be measured across a range of wavelengths in situ or with remote sensors. Characteristic absorption features in the visible ( VIS) (0.40 -0.65 mm), nearinfrared (NIR) (0.65 -2.00 mm), and short-wave infrared (SWIR) (2.00-2.50 mm) regions caused by electronic and vibrational processes can be diagnostic of minerals, vegetation, water, and other surface features (e.g., Goetz et al., 1985; Clark et al., 1990; Watson and Knepper, 1994; Clark, 1999 (Hunt, 1979; Kruse et al., 1999; Cudahy and Okada, 2000; Ellis and Scott, 2004) , mapping differences between geologic formations (Clark et al., 1992; Rowan et al., 2004) , alteration related to hydrothermal systems (White et al., 2001; Gupta, 2003; Hubbard et al., 2003; Martini, 2003a, b; Van Ruitenbeek et al., 2005) , and modern hydrocarbon seeps (Yang et al., 2000; van der Meer et al., 2002) . Studies of intraformational low-temperature diagenesis using reflectance and imaging spectroscopy are less common (Merin and Segal, 1989; Beitler et al., 2003) , but can provide an important framework for understanding reservoir heterogeneity and evaluating fluid flow related to the prediction of natural resource distribution.
PREVIOUS WORK
Previous work on red-bed diagenesis on regional (Chan et al., 2000; Beitler et al., 2003) and microscopic scales has recognized bleaching patterns indicative of reducing fluids in the Navajo Sandstone in southern Utah. Relatively unaltered Navajo Sandstone is red because of very early thin hematite grain coatings. In many areas, these hematite grain coatings have been stripped away by advective reducing fluids that have flushed through the sandstone, likely in association with the migration of hydrocarbon systems (including methane-rich waters). Bleaching commonly produces secondary porosity reactions, thereby enhancing future fluid flow and cement precipitation. Alteration patterns are typically structurally influenced, which allows for constraints on timing and controls of fluid flow (Chan et al., 2000; Beitler et al., 2003; Parry et al., 2004) . This removed iron is eventually consolidated into diffuse (few percent) and dense (<35%) zones of concretionary hematite (Fe 2 O 3 ) and/or goethite (FeO(OH)) mineralization along redox fronts, where reducing ironsaturated waters mix with oxidizing meteoric groundwater in the sandstone. In addition to being studied as important evidence for past fluid mixing in the Navajo Sandstone, these iron oxide concretions have been studied extensively as an analog for similar spherical hematite concretions discovered on Mars .
Authigenic minerals in the Navajo Sandstone typically comprise approximately 15-42% of the volume of the whole rock (after Beitler et al., 2005) . These minerals are related to fluid-rock interactions that have involved multiple episodes of diagenetic iron oxide, carbonate, and clay dissolution and precipitation. Similar alteration features have been noted in other eolian units in the region (Garden et al., 2001) .
Several lines of evidence suggest that at least some of the fluids that have passed through these prolific reservoir rocks have been hydrocarbons. Hydrocarbons are implicated because of (1) an extensive base of literature that shows bleached sandstones in several hydrocarbon reservoirs (see Beitler et al., 2003) , including the White Rim Sandstone in the Tar Sand triangle in Utah and field examples of bleached sandstone associated with tar sands (Circle Cliffs uplift, Dubinky well area in Canyonlands, e.g., Chan et al., 2000) ; (2) laboratory experiments that show hydrocarbon bleaches red sandstone (Surdam et al., 1993) ; (3) geochemical modeling that shows methane reduces and mobilizes iron ; (4) bitumen veins on the Moab fault in bleached rocks (Chan et al., 2000) ; (5) field and geochemical studies by Garden et al. (2001) presenting evidence for an exhumed hydrocarbon reservoir associated with the Moab fault and bleached Navajo Sandstone; and (6) ongoing fluid-inclusion studies suggesting the presence of methane within secondary inclusions from veins associated with Navajo Sandstone deformation ( W. T. Parry, 2006, personal observations) . On a regional scale, the volume of the structural traps that have undergone extensive red-bed bleaching suggests that the Navajo Sandstone may have even been a supergiant hydrocarbon reservoir, with a trap volume of up to 2.2 Â 10 3 km 3 (5.3 Â 10 2 mi 3 ; 18.5 Â 10 12 bbl) (Beitler et al., 2003) .
OBJECTIVES
The purpose of this article is to apply the technique of reflectance spectroscopy to better understand the distribution of diagenetic minerals and fluid-flow pathways in the Jurassic Navajo Sandstone in southern Utah. Here, we present empirical relationships between variations in Navajo Sandstone mineralogy and changes in the spectral reflectance signatures. We use these data as the basis for interpreting remotely acquired reflectance spectroscopic data to investigate spatial variations and in mineralogy. Because the sandstone is generally a quartz arenite, mineralogy differences are patterns attributed to variations in authigenic cements that reflect the influence of paleofluids.
METHODS
Spatial variations in diagenetic mineralogy within the Navajo Sandstone are evaluated using field and laboratory reflectance and imaging spectroscopy. A total of 170 Navajo Sandstone samples from 17 different field sites across southern Utah ( Figure 1 ) were analyzed with a handheld analytical spectral device (ASD) in the field and/or in the laboratory. Surface outcrop samples were collected, with the aim of representing all of the commonly observed diagenetic facies and alteration types within the Navajo Sandstone (e.g., Chan et al., 2000; Beitler et al., 2003; Beitler et al., 2005) . The sandstone samples show a considerable range in color and cement mineralogy, but the primary grain compositions and textures were similar (mature quartz arenite), as is common for the Navajo Sandstone ( Figure 2 ). The spectral data, covering the visible (VIS), near infrared (NIR), and short-wave infrared (SWIR) wavelength range from 0.35 to 2.5 mm, are compared to mineralogical data obtained from traditional geochemical techniques (x-ray diffraction [XRD] and whole rock major oxide analyses after Beitler et al., 2005; Bowen, 2005) . Spectra were measured in the field on 65 surfaces at five field sites. The surfaces analyzed include unobstructed exposures of variably altered Navajo Sandstone and mixed surfaces with partial sandstone cover, including non-Navajo Sandstone debris, eolium, lichen, soil, and vegetation. Field measurements were conducted on a range of sample areas (distances from 1 cm [0.4 in.] to 3 m [10 ft] and a field of view of 1-4j) and were obtained in natural sunlight in times with minimal environmental moisture (i.e., dew, clouds, rain, etc.). In the laboratory, 105 relatively flat but otherwise unprepared whole rock samples of Navajo Sandstone from multiple localities in southern Utah were illuminated with artificial light (a broadband direct current light source), and spectral reflectance was measured on 2151 channels. The area analyzed for each measurement was about 4 cm 2 (0.62 in.
2 ). The ASD was optimized to a standard white reference plate for each measurement set. Nine representative red, bleached, and iron oxide concretionary Navajo Sandstone samples from three field sites were analyzed in the thermal-infrared (TIR) region on a Fourier transform infrared Nexus Nicolet spectrometer. Airborne reflectance spectroscopic data were acquired by a commercial sensor, HyMap (Integrated Spectronics, Sydney, Australia), on September 26, 2004, over areas we selected within Grand Staircase-Escalante National Monument in southern Utah (Figure 1 ). HyMap is a high-resolution airborne imaging spectrometer with a high signal-to-noise ratio ( > 800:1) for wavelengths from 0.45 to 2.50 mm in 126 separate but contiguous spectral bands with bandwidths of 13 -17 nm (Cocks et al., 1998) . The flight paths were chosen to cover well-exposed zones of Navajo Sandstone with ). These data were preprocessed to correct for atmospheric and illumination effects by calibration from radiance at sensor to apparent surface reflectance data via an empirical atmospheric model. Bands that cover wavelengths with known water-dominated atmospheric absorption from approximately 1.28 to 1.48 and about 1.76 to 2.03 mm were removed for subsequent analyses.
The increased dimensionality of hyperspectral data (such as HyMap with 126 spectral bands) over multispectral data (such as Landsat with 7 spectral bands) affords scientists the unparalleled ability to absolutely identify and map most mineral assemblages (instead of simple discrimination between different groups as is possible with multispectral systems), but the many bands and huge volumes of data also demand different ways of processing to ensure that analysis is efficient. Unique spectral end members of Navajo Sandstone alteration groups were identified by analysis of lab-, field-, and airborne-derived spectral data and comparison with the U.S. Geological Survey spectral library (e.g., Clark et al., 2003) . Spectral end members were extracted from the airborne data via two methods: visual variability-based hand-picking and automated techniques within ENVI. The fact that mineral chemistry in this particular environment is so closely related to colors revealed in the VIS spectrum was leveraged using that roughest of spectrometers, the human eye, to handpick many hundreds of spectra visually related to specific colors within the sandstone. These hundreds were subsequently reduced to representative average spectra for each group.
The airborne spectral data were evaluated using several algorithms within ENVI, including matched filter (MF) (Harsanyi and Chang, 1994) , spectral angle mapping (Kruse et al., 1993) , minimum noise fraction (MNF) transformations (Green et al., 1988; Boardman and Kruse, 1994) , a pixel purity index (PPI) (Boardman et al., 1995) , and n-dimensional algorithms (nD) (Boardman, 1993; Boardman et al., 1995) . The MF is a partial unmixing algorithm used to map end-member distributions via suppression of nonmatching, background materials that do not resemble the given userdefined end members (in this case, those spectra extracted from the spectral imagery by hand and via automated algorithms). Spectral angle mapping is used to identify pixels that have spectral signatures similar to the defined end members (e.g., all band angles fall within 0.1 radians of a defined end-member class) (Yuhas et al., 1992 ). An MNF transformation is a principal componentbased statistical algorithm that enhances the inherent variability within a data set. The PPI and nD algorithms comprise a suite of analyses directed at constraining and minimizing spectral variability, reducing overall spectral signature volume, promoting purity, and isolating those pixels containing the least mixed, most pure spectral signatures.
RESULTS

Evaluating Variations in Navajo Sandstone Mineralogy with Reflectance Spectroscopy
The common types of fluid-flow -related diagenetic alteration within the Navajo Sandstone should, in theory, be identifiable with VIS, NIR, and SWIR spectral reflectance data ( Figure 3A) . Figure 3 illustrates the U.S. Geological Survey spectral library signatures of the diagenetic minerals typically found within the Navajo Sandstone and the end members derived from the insitu ( Figure 3B ) and airborne ( Figure 3C ) spectral data. The sandstone samples analyzed in this study have similar grain sizes and surface textural properties, with the main difference being changes in diagenetic cements and variations in clay mineralogy (Figure 2) . The primary detrital composition of the Navajo Sandstone is about 90% quartz and approximately 5% feldspar (Beitler et al., 2005) , both of which have nondescript spectral signatures in the 0.35-2.50-mm wavelength range ( Figure 3A) . Relative changes in absorption features between sandstone samples can be attributed to differences between types and amounts of grain coatings and cements, including iron oxides, mixed-layer clays and kaolinite, and carbonates ( Figure 3B ). The sandstone spectra ( Figure 3B , C) are linear additive mixtures of the various mineral components ( Figure 3A ) (Clark and Roush, 1984) , which can complicate the interpretation of spectra with increased mixing of minerals. The spectral signatures of the individual minerals become more subtle when a more mixed sample area is analyzed, for example, from an approximately 4-cm 2 (0.62-in.
2 ) hand sample ( Figure 3B ) to an approximately 16-m 2 (172-ft 2 ) aerial footprint ( Figure 3C ). The spectrally unique end members derived from the in-situ data on regional samples include the primary red sandstone, bleached sandstone, carbonate-rich red sandstone, secondary iron oxide (either hematite or goethite) and clay-rich red and yellow sandstone, and clay-poor hematite and goethite concretions. Similar end-member groups are derived independently from the airborne data ( Figure 3C ), illustrating that (1) the regional samples analyzed with ASD are representative of typical alteration facies; and (2) remotely acquired data can be directly compared to laboratory spectra.
Three of the most common and well-studied diagenetic facies related to fluid flow in the Navajo Sandstone are red sandstone, bleached sandstone, and iron oxide concretions ( Figure 4A) and Parry, 2002; Bowen, 2005) . The spectra of these alteration types are characterized by absorption changes in the VIS-NIR range from the amount and type of iron oxide, and in the SWIR range related to the amount and type of carbonates and clays. Analyses in the thermal wavelength range (TIR) show that within these higher wavelength ranges, which are commonly very useful in identifying mineralogy and rock types, the sandstone alteration is not as distinctly different as is apparent in the VIS-NIR-SWIR region ( Figure 4B, C) . In the TIR region, the spectra are generally overwhelmed by the influence of the quartz grains, and the signatures of the diagenetic components are lost, but there are subtle features that indicate the goethite component of the concretions ( Figure 4B ). The mineral variations that occur within the Navajo Sandstone are more easily identifiable with spectral characteristics in the VIS-NIR-SWIR range.
Red and bleached sandstone spectra have somewhat similar reflectance patterns, but the red spectra are characterized by a steep drop at 0.60 mm toward the VIS wavelength range and then flatten (labeled ''b'' in Figure 4A ). By comparison, the bleached spectra do not flatten out at 0.53 mm (labeled ''a'' in Figure 4A ). This steep reflectance change is caused by charge transfer absorption in iron-bearing minerals and gives iron-rich red beds their pigment (Morris, 1985; Vincent, 1997; Clark, 1999) . Within the VIS and NIR iron absorption range (0.75 -1.30 mm), bleached rocks lack any absorption feature, whereas red rocks exclusively show a hematite absorption feature at about 0.85 mm, and concretions show absorption features indicative of either or both hematite and goethite in that range ( Figure 4A ). For the bleached samples (Figure 5 ), no iron feature is detected in the XRD or spectral patterns, as is expected with a total iron oxide content that ranges from 0.08 to 0.13% of the whole rock weight. Some of the trace amounts of iron measured in whole rock analysis in the bleached samples may be present as reduced pyrite , which lacks any sort of absorption feature in this wavelength range.
Iron oxides are commonly some of the most mobile and spatially variable minerals within the Navajo Sandstone ( Figure 6A ) and also have strong diagnostic spectral features at about 0.90 mm (Morris, 1985; Townsend, 1987) . Early-and late-stage diagenetic iron oxides comprise greater than 90% (volume) of the authigenic minerals in the Navajo Sandstone (after Beitler et al., 2005) . The iron oxides have been identified as both goethite and hematite with XRD and petrography; however, both of these methods can be ambiguous for distinguishing between the different types of iron oxides, and reflectance spectroscopy provides the easiest discrimination between types (Deaton and Balsam, 1991; Ji et al., 2002) . Hematite has a diagnostic absorption feature at 0.86 mm, whereas goethite is much more broad and located closer to 0.93 mm (Deaton and Balsam, 1991) (Figure 6B, C) . In general, the amount of iron in the sample correlates with the depth of the iron oxide absorption feature ( Figure 5 ). The lack of absorption features at 1.40 or 1.90 mm for some of the iron concretions in the ASD data indicates that these are not hydrous iron oxides (i.e., limonite) ( Figure 4A ) (Gupta, 2003) ; however, this feature cannot be identified in the airborne data because of the effects of atmospheric interference.
Both hematite and goethite are clearly identified in specific concretion samples ( Figure 6B ), and both iron oxide minerals, and apparent mixing between the two, are seen in the airborne spectral data ( Figure 6C ). This progression in iron chemistry from more goethite-to hematite-rich sandstone also corresponds to a change in the amount of carbonate and clay. The areas with higher amounts of goethite also have increased amounts of carbonate, and in the areas with more hematite, there is less carbonate. In addition, as the sandstone transitions from hematite toward goethite compositions, a single 2.21-or 2.23-mm clay feature appears, and the typical kaolinite doublet disappears. A separation between iron oxide and carbonate cements is a common feature observed in the Navajo Sandstone and is expected because iron oxidation produces acidity that could dissolve associated carbonates (Beitler et al., 2005) . The relationships between iron oxides, clays, and carbonate are useful in interpreting fluid chemistry and suggest that the clay and carbonate in these rocks are diagenetic and related to fluid flow and not detrital.
Red and bleached Navajo Sandstone samples have significantly stronger absorption features indicative of clay and carbonate than the iron-rich samples (Figures 3,  4A, 5 ). Within the wavelengths being studied, clay absorption features can interfere with similar features related to water molecule absorption bands located at approximately 1.40 and 1.90 mm (Clark et al., 1990; Clark, 1999) (atmospheric absorption range discussed in the methods section). Minerals with a 1.90-mm absorption feature contain water, but a spectrum with a 1.40-mm feature but no 1. The TIR region of the electromagnetic spectrum is characterized by spectral absorption features that are diagnostic of many mineral groups, including silicates, oxides, carbonates, etc. Samples are from localities 1, 7, and 11. Concretions show absorption feature for ferric oxyhydroxides (e.g., goethite). Thermal infrared spectra are generally overwhelmed by quartz spectra, even in samples that are greater than 20% iron oxide.
present, the absorption peak occurs as a doublet at about 2.20 mm, indicating kaolinite ( Figure 3A ). Illite and mixed-layer clays (illite-smectite) have a rounded 2.20-mm absorption feature, lack the doublet, and have additional bands at 2.35 and 2.45 mm.
Both the red and the bleached sandstone have spectra that indicate the presence of kaolinite and illite (Figure 4) . In relatively unaltered red and bleached sandstone, XRD patterns show variability in the amount of kaolinite, illite, and mixed-layer clays that are present, and corresponding absorption features indicative of the varying clays are seen in the spectral signatures ( Figure 5 ). Figure 7 shows the clay absorption spectral range for several unaltered red, bleached, and otherwise altered (secondarily stained reddish-brown and yellowish-orange) samples of Navajo Sandstone from a variety of localities. The variation in clay content within these samples is analyzed by normalizing the data to the absorption at 2.07 mm because iron oxides, carbonates, and clays have no absorption features at this wavelength (Merin and Segal, 1989) . The variability and maximum amount of clay increases in the more altered reddish-brown and yellowish-orange sandstone samples ( Figure 7C ). However, the more iron oxide-rich concretions (greater than a few percent Fe 2 O 3 (T)) lack clays ( Figure 4A ). An apparent threshold exists, where clays are apparently entirely removed or replaced, when dense iron oxides precipitate.
Samples from specific sites tend to have either kaolinite or illite, regardless of the diagenetic facies or Figure 5 . Comparison of XRD and VIS-NIR spectral data. (A) X-ray diffraction for characteristic types of Navajo Sandstone, including red, bleached, carbonate-rich, and iron-rich sandstone. Shaded areas identify important mineral peaks in XRD data and absorption features in ASD data. X-ray diffraction mineral peaks are labeled: I-S = mixed layer illite-smectite, I = illite, S = discrete smectite, K = kaolinite, Q = quartz, F = potassium feldspar, C = carbonate, H = hematite, G = goethite. (B) Visible -near-infrared spectra and weight percent of iron oxide (Fe 2 O 3 (T)) for those same samples. Values in the iron oxide absorption feature corresponding iron oxide weight percent measured in that sample (after Bowen, 2005) . Absorption features are labeled: H-G = hematite and/or goethite, OH = water or hydroxide mineral, K-I = kaolinite and/or illite, C = carbonate. Sample localities (top to bottom): 2, 10, 11, 11, 8, 14, 11, and 13. apparent type of alteration (Figure 7) . Samples collected from localities, including the Big Hole fault in the San Rafael swell, Lake Powell, and the Henry Mountains, all lack kaolinite. However, samples from Escalante, Capitol Reef, and Rainbow Rock have strong kaolinite doublet features (see Figure 1 for localities). These regional patterns in clay type could be related to either spatial variation in depositional conditions or regional differences in the fluids that have infiltrated and flowed through the sandstone. Because early precipitation of clays could significantly inhibit future fluid flow, clays that precipitated early in the burial history may remain at specific sites. However, the presence of multiple diagenetic facies at these different sites suggests that fluid flow has occurred. Evaluation of the spatial patterns in these clays with imaging spectroscopy could help identify where and perhaps why these site-specific clay variations occur.
In general, the concentration of a specific mineral will correspond to the depth of the specific absorption feature indicative of that mineral. However, some minerals have overlapping spectral absorption features, which can complicate this relationship. Overlap between atmospheric, clay, and carbonate absorption makes conclusive identification of carbonate minerals less definitive than clays and iron oxides. Carbonates show diagnostic vibrational absorption bands caused by the planar CO 3 2 À ion at 1.90, 2.35, and 2.55 mm (Gaffey, 1985) . These features can interfere with similar water and clay absorption features; however, the strong 2.35-mm and an additional 2.50-mm absorption feature can be diagnostic of carbonates (Figure 3 ) ( Vincent, 1997) .
The relationship between the measured amount of carbonate and the depth of that absorption feature (Figure 8 ) is less obvious than the observed relationship between iron oxide content and absorption features ( Figure 5B ) likely because of the overlap between illite and carbonate absorption features. In samples compared in Figure 8 , even small amounts of carbonate within the sandstone can cause a fairly significant absorption feature at the diagnostic 2.35-mm band center. The influence of the illite-induced absorption is evident by comparing the carbonate feature between samples with an illite trough versus a kaolinite doublet (Figure 8 ). The apparent 2.35-mm carbonate feature is much less developed in the kaolinite-bearing samples. This relationship is also seen in the signatures of Figure 7 and the HyMap-derived signatures in Figure 3C .
Reservoir Heterogeneity: Spatial Variations in Diagenetic Mineralogy with Imaging Spectroscopy
Evaluation of spatial variability in the Navajo Sandstone mineralogy with high-resolution airborne spectral data reveals several patterns in diagenetic mineralogy on an outcrop to reservoir scale. The spatial distribution of iron oxides, clays, and carbonates and the relationships between these types of alteration are important for interpreting past fluid-flow pathways and predicting fluid-migration trends in eolian reservoirs. The patterns of alteration have important implications for fluid-flow pathways within this reservoir, not only as they apply to past events, but also in how these variably permeable zones would influence future fluid flow. Reservoir heterogeneity in eolian sandstones is largely controlled by diagenetic minerals, and understanding the spatial patterns of diagenetic heterogeneity in this exhumed and well-exposed reservoir can help to improve the prediction of flow paths in the subsurface. This research reveals previously unknown heterogeneities on an outcrop scale and allows for a new look at diagenetic variability on a spatial scale that is not possible with other mineralogy tools (such as XRD). 3, 4, 8, 11, 12; bleached (I) 4, 10, 14, 15, 17, (K) 2, 3, 8, 11, 12 ; secondary (I) 10, 14, (K) 8, 11.
Example of a Kilometer-Scale Reaction Front: Kaibab Fault Some of the alteration in the Navajo Sandstone is closely related to structural conduits and fabrics (Chan et al., 2000; Parry et al., 2004; Eichhubl et al., 2004) . Detailed spatial analysis of structural diagenesis cannot only help constrain flow paths and timing, but is important when considering interactions between mechanical structural deformation and chemical reactions that might affect sandstone properties. The East Kaibab fault is the eastern boundary of a large asymmetric uplift about 190 km (118 mi) long, extending from southern Utah into northern Arizona. The anticlinal structure broadens southward to a maximum width of 40 km (25 mi) and has a structural relief between the crest and upper hinge of the monocline of about 1500 m (4900 ft) (Doelling et al., 2000) . The fault root is in a major reactivated Proterozoic basement shear zone that is exposed in the Grand Canyon, Arizona. Previous studies on regional alteration patterns have indicated that the fault has been an important conduit for fluid flow, potentially bringing hydrocarbonbearing fluids or brines up to the porous Navajo Sandstone from source formations below (Beitler et al., 2003) . The Navajo Sandstone caps most of the crest of the Kaibab uplift and is bleached white all along the crest. Navajo Sandstone outcrops continue to the west as the White Cliffs of the Grand Staircase.
An approximately 4-km 2 (1.5-mi 2 ) area at the southern edge of where the Navajo Sandstone is exposed along the Kaibab uplift west of the fault has some striking regional-scale zones of reddish-brown and yellowishorange iron oxide staining within what visually appears to be otherwise bleached Navajo Sandstone ( Figure 9A, B) . The shape of this alteration zone is consistent with the geometry of a classic oxidation-reduction reaction roll front (Adler, 1974) . By evaluating changes in mineralogy from the airborne data, the geochemistry of this front, direction of fluid flow, and potential constraints on the timing can be evaluated.
Within this area of extensive Navajo Sandstone exposure west of the Kaibab fault, the airborne data reveal five dominant end members. The spectral groups identified are related to the amount and type of iron oxide (hematite versus goethite) and the presence or absence of carbonate. The groups include bleached sandstone, a minor hematite-bearing sandstone, a major hematite-bearing sandstone, goethite and carbonatebearing sandstone, and goethite-bearing sandstone ( Figures 3C, 9E ). Both the hematite groups have some clay, but not as much as the goethite-rich or the bleached end members. An MF classification based on the imagedefined end members reveals the spatial patterns in this diagenetic mineralogy ( Figure 9E ). The reaction front (in Figure 9C , D as the boundary between iron-rich red and orange and iron-poor blue) runs approximately 5 km (3.1 mi) west of and parallel to the Kaibab fault (see Figure 1) . The sandstone is predominantly bleached to the southeast ( Figure 9E ) and contains some goethite and carbonate to the northwest. Along the front, there are increased amounts of hematite and no carbonate. The MNF algorithms applied to the subset shown in Figure 9B reveal profound variability both within just the VIS-NIR range ( Figure 9C ) and within the full spectral range ( Figure 9D ). Iron species (measured in the VIS-NIR) change abruptly along the front (e.g., sharp boundary between red and green in Figure 9C ), whereas there is a more gradual mixing-based transition when carbonates and clays (measured mainly in the SWIR) are considered (e.g., gradational yellow to orange to green transition in Figure 9D ).
The regionally extensive bleached rocks contain no iron, no carbonate, and significant kaolinite. This agrees with the theory that regionally reducing fluids have flushed through the sandstone, removing the hematite grain coatings, dissolving preexisting carbonate cements, and facilitating the alteration of K-feldspars to kaolinite. The iron-rich front fingers into the bleached sandstone over an alteration zone that continues for several kilometers parallel to the Kaibab fault ( Figure 9A ). The superposition of the iron zone onto the otherwise bleached rocks suggests that the fluids that created this front postdate the bleaching fluids. The pattern of front minerals suggests that oxidizing fluids from the northwest mixed with the regionally bleaching Fe 2 + -bearing solutions moving in from the southeast. The proximity to the Kaibab fault and the low permeability of the other proximal units suggests that these reducing fluids migrated westward from the direction of the Kaibab fault.
Example of 100-m (330-ft)-Scale Cement Banding: White Cliffs and Calf Creek Spectral analyses reveal banding and variegations in diagenetic mineralogy within several areas of apparently bleached Navajo Sandstone that are not apparent visually ( Figure 10) . Some of the changes in mineralogy revealed from the spectral imaging do not correlate with specific changes in diagenetic facies, but instead reflect subtle differences in the amount of certain cementing minerals present. Differences in the amount of clay (mainly kaolinite) and the presence or absence of minor amounts of carbonate and/or iron oxide Geohorizons commonly occur in zones subparallel to bedding in bleached sandstone (Figure 10 ). This banding is likely related to large-scale diagenetic alteration in the sandstone related to fluid flow that was influenced by stratigraphic changes in permeability. These irregularities and banding zones appear to be more abundant in bleached zones than in the relatively unaltered primary red sandstone areas, supporting the theory that these red areas are zones that have experienced less fluid flow and diagenetic mineralogy changes. The three-dimensional visualization reveals how these changes roughly coincide with bedding and topography. These data reveal heterogeneities within diagenetic facies that have not before been recognizable on this scale. Understanding the scale and range of diagenetic changes can help to improve subsurface fluid-flow models and prediction of hydrocarbon and groundwater pathways.
Implications for Diagenesis on Mars
In addition to being important in terms of understanding terrestrial resources and the function of fluids in basin and reservoir evolution, spectral characterization of this diagenetic system has implications for remotely evaluating these potentially similar diagenetic systems in sediments on Mars. The abundant iron oxide concretions within the Navajo Sandstone have been suggested as a potential Earth analog for hematite concretions on Mars Ormö et al., 2004; Brown, 2005b; Chan et al., 2005 Mars [CRISM]) (Christensen et al., 2001; Bandfield et al., 2003; Arvidson et al., 2005) . Spectral studies with ground-truth opportunities such as this will help strengthen the interpretations made in inaccessible areas. The extraordinary discovery of diagenetic hematite concretions on Mars (Squyers et al., 2004) elucidates the ubiquity of iron oxide mobility and precipitation within sedimentary groundwater systems and illustrates the importance of analyzing terrestrial concretionary iron oxide deposits with remotely sensed spectral data (Kerr, 2004) .
CONCLUSIONS
Spectral analyses of the Navajo Sandstone reveal new information about compositional diversity and mineralogical variations in a spatial context not afforded by other geochemical techniques. Changes in mineralogy in the Navajo Sandstone resulting from geochemical interactions between pore fluids, cements, and host grains create specific types of diagenetic mineral variations that are detectable with spectral reflectance data in the VIS, NIR, and SWIR wavelength regions. The utility of spectral data is a growing field for regionalscale diagenetic evaluation and a tool for exploration of past hydrocarbon pathways. In exposed sedimentary systems, the influence of fluid flow on mineralogy and reservoir conditions can be uniquely evaluated on a regional scale with imaging spectroscopy. The patterns observed can be used as predictive tools and applied to similar units in the subsurface. To supplement this, spectral data could be acquired from cores and during logging, which would aid in the regional interpretation of diagenesis and mineralogy in subsurface reservoirs. This study illustrates the potential of this method for use in evaluating past fluid flow and the complexity of spatial change in diagenetic cement mineralogy associated with fluid flow. This method allows for the identification of minerals in a manner similar to XRD, but moreover, allows for these minerals to be mapped on a spatial scale, facilitating regional evaluations of diagenesis and fluid flow in reservoir rocks. Analyses of laboratory and airborne spectral data reveal details in the abundance, type, and distribution of clays, carbonates, and iron oxides in diagenetic facies of the Navajo Sandstone. Within diagenetic facies, site-specific variations in clay type, an abundance of both strata-bound and structurally controlled alteration zones in bleached rocks, and a lack of these alteration feature in regionally red rocks are identified. The distribution of the observed alteration not only suggests past episodes of fluid flow, but has implications for reservoir compartmentalization that could be important in predicting more modern hydrocarbon and groundwater migration. The spatial patterns in mineralogy also reveal relationships between geochemically related minerals (such as iron oxide and carbonate) and can help to constrain the relative timing of past fluid-flow events (e.g., the Kaibab fault reaction front). This study provides the foundation for continued work using reflectance spectroscopy to map alteration within sedimentary systems to better understand and predict fluid-flow pathways.
